The formation of one-or two-dimensional water chains in a crystal structure can define the behaviour and properties of that system (Cukierman, 2000) . Indeed, a large number of biological processes appear to depend on the behaviour of these water chains (Jude et al., 2002) . For example, proton translocation processes through membranes are assisted by chains of water molecules functioning as 'proton wires' (Tieleman et al., 2001 ).
These two themes of N-oxide-bearing quinolines and hydrated solid-state structures have been combined by examining the structure of 6-methoxyquinoline N-oxide (MQNO) as its dihydrate, (I). This is part of our ongoing investigation of the structural properties of the isoquinoline matrix and extends earlier work from our research group that reported the structure of the biomolecule 2-amino-3-(Noxypyridin-4-ylsulfanyl)propionic acid in its dihydrate phase, and which showed that the molecules of the compound are stabilized by the formation of one-dimensional water chains (Moreno-Fuquen et al., 2010) . Herein, we describe the crystal structure of (I) and provide spectroscopic (IR and UV-Vis) analysis. Additional theoretical studies and an analysis of Hirshfeld surfaces were also carried out. It is important to consider the presence of water molecules and their interactions within supramolecular synthons through hydrogen bonds and other intermolecular interaction patterns (Desiraju, 1996) . Thus, this last analysis was performed to confirm the molecular packing of the system, by examining the behaviour of intermolecular interactions on these surfaces (McKinnon et al., 2004) .
Some of the derivatives of the isoquinoline matrix, the 6-methoxyquinoline N-oxide-hydroquinone (2/1) cocrystal (MQNOHQ; Moreno-Fuquen et al., 2007) , 2,4-dichloro-6-methoxyquinoline (Subashini et al., 2009 ) and other 6-methoxyquinoline derivative structures (Chambers et al., 2004) , are available as reference systems with which to compare the structural characteristics of (I). The molecular structure of (I) is shown in Fig. 1 . Coplanarity between the quinoline ring and the methoxy group (C5-O2-C10) is observed in (I). This same coplanarity is observed for 2,4-dichloro-6-methoxyquinoline, and only a small deviation from coplanarity is seen in MQNOHQ [dihedral angle = 3.1 (1)
]. Other bond lengths and angles of the isoquinoline ring of (I) agree with literature values (Allen et al., 1987) .
The inclusion of water molecules in the quinoline structure can potentially result in the formation of intermolecular hydrogen bonds, which allows a more stable crystal structure. In the anhydrous 6-methoxyquinoline N-oxide system, wherein intermolecular interactions should be relatively weak, this behaviour should not be observed. The presence of water molecules in the quinolinic structure of (I) allows the formation of relatively strong O-HÁÁÁO hydrogen bonds, thereby stabilizing the crystal structure (Table 1; Nardelli, 1995) . Achiral (I) crystallizes in the monoclinic Sohncke space group P2 1 , possibly motivated by a chiral environment imposed by the lattice (Sakamoto, 2004) or by the formation of chains of hydrogen-bonding character (Leiserowitz & Weinstein, 1975) . Compound (I) should display relatively strong hydrogen bonds between the methoxyquinoline ring and the water molecules. Indeed, (I) exhibits two sets of strong water-quinoline O-HÁÁÁO and two sets of strong waterwater O-HÁÁÁO interactions (see Table 1 for full details). Weak C-HÁÁÁO interactions (Table 1) complement the strong  hydrogen bonds. A supramolecular analysis of (I) reveals, in the first substructure, the presence of channels formed by water molecules and atom O1 of the N-O group. Indeed, atom O1 acts simultaneously as a hydrogen-bond acceptor from atom O1W(Àx +1,y À 1 2 , Àz + 1) and from atom O2W(x, y, z + 1). Atom O2W is linked to another O1W atom and this latter atom is linked to the next O1 atom of the N-oxide group, and so on. Thus, these channels are characterized by the presence of three molecules of water followed by an O atom of the Noxide group, and this latter atom acts as a bridge between the water molecules running along [001] (Fig. 2) . Also in Fig. 2 , one can see that (I) interacts with a second water channel through the weak C3-H3ÁÁÁO2W
ii interactions, with atom C3 acting as hydrogen-bond donor to atom O2W(Àx +1 ,y + 1 2 , Àz + 1). As a result of the interactions in this substructure, edge-fused R 8 8 (24) (Etter, 1990 ) rings running parallel to [100] are detected (Fig. 2) . Additionally, the organic molecules are intertwined through the C2-H2ÁÁÁO2 iv interaction; atom C2 acts as hydrogen-bond donor to atom O2(x À 1, y, z + 1) (see Table 1 ).
In the second substructure, a channel formed exclusively by water molecules along [100] is observed. Indeed, infinite chains of water molecules, where atoms O2W and O1W interact through relatively strong hydrogen bonds, are detected. Thus, the structural organization of (I) shows the formation of two intersecting mutually perpendicular columns. The two-dimensional lattices of water molecules lie between layers of 6-methoxyquinoline N-oxide molecules. This helps to stabilize and support them in the crystal structure (Fig. 3) .
Theoretical calculations of bond lengths and angles were performed by the Hartree-Fock (HF) method with a 6-311++G(d,p) basis set and by density functional theory (DFT) B3LYP, also with a 6-311++G(d,p) basis set, and these values were compared with the experimental values for (I) ( Table 2) . From these results we can conclude that the DFT basis set 6-311++G(d,p) is better suited in its approach to the experimental data. To enable a better understanding of the properties of (I), we further studied the stability of this A view of the water channels bridged by O1 atoms to form hydrophilic layers.
Figure 2
Part of the crystal structure of (I), showing the formation of channels of water molecules along [001] . [Symmetry codes: (ii) Àx +1,y + compound in the gaseous state, calculating the harmonic frequencies and comparing the results with those observed in the fundamental vibrational frequencies.
The optimized structures, minimum electronic energies and vibrational frequencies were determined using semi-empirical ab initio methods and DFT calculations as implemented in the GAUSSIAN09 program (Frisch et al., 2009) .
The frequency calculations of the hydrated complex in the gaseous state were performed from the optimized structure, using HF/6-311++G(d,p) and DFT/6-311++G(d,p) at the B3LYP level of theory, using SCI-PCM (Tomasi et al., 2005) as a model of solvation for both bases. The stability of the compound was checked by the absence of imaginary frequencies in the calculation obtained by both methods. The experimental and simulated IR spectra are shown in Fig. 4 . Vibrational analysis of (I) identifies the characteristic bands which correspond to the functional groups that are present in the compound. In the experimental spectrum, the most intense and sharp band is at 1213 cm À1 and it can be seen in the simulated spectrum at 1235 cm
À1
. This signal corresponds to the asymmetric O-N-C stretch. Analogously, one can observe the frequency of axial deformation of the N-oxide group at 1279 cm À1 and in the simulated spectrum at 1273 cm
. The axial deformation band of C-O in the methoxy group, which is located at 1016 cm À1 in the experimental spectrum and at 1038 cm À1 in the simulated one, can also be assigned. These and other experimental and calculated bands are given in Table 3 . Comparing the calculated and experimental values allows a good correlation between the bands to be found.
The optimization of the molecular geometry of (I) in the gaseous state was performed in order to analyse the stability of the molecule. The analysis of the total energy and the energy gap between the frontier molecular orbitals HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the molecule characterize its molecular chemical stability.
Compound (I) shows an absorption band in the UV at = 234 nm in acetonitrile. Electronic transitions in this molecular system were analysed using B3LYP/6-311G**(d,p) with SCI-PCM (water) as a model of solvation, yielding the most intense band at = 267.93 nm (oscillator strength = 0.2016). This band corresponds to an electronic transition from the HOMO to the third lowest unoccupied molecular orbital, LUMO+2. According to Fig. 5 , the HOMO presents a charge density localized over the quinoline ring, and a positive phase is localized over the O atom of the N-oxide group. The LUMO is also characterized by a charge distribution over the whole molecule, but that over the O atom of the N-oxide group is now negative.
Analysis of the coefficients of the molecular orbitals of the optimized geometry suggests that the HOMO and LUMO+2 orbitals are delocalized over the C-C bonds of the aromatic rings, and therefore the transition involves an electron-density transfer of type !* on the molecular plane of the aromatic backbone. The bathochromic shift of the calculated bands with respect to the experimental bands can be explained by the interaction of the N-oxide functional group with the polar solvent (Hsieh et al., 2010) .
The Hirshfeld surface provides information not only on the areas of close contact, and therefore of strong interactions, but also on distant contact areas of weak interactions. The structure of (I) has a different environment on each side of the molecule and for this reason the Hirshfeld surface (Fig. 6b) is not symmetrical. Each contact on the surface can be identified individually from the colour pattern on the shape index Comparison of the calculated IR spectrum of (I) (top) with the observed spectrum (bottom).
Figure 5
The atomic orbital compositions of the frontier molecular orbital for (I).
surface. The spots (red in the electronic version of the paper) with concave curvature that appear on the surface of the quinoline plane are similar to those occurring on the naphthalene plane (McKinnon et al., 1998) . C-H donor regions with convex curvature can be observed, especially around the methyl group (identified by a deep blue colour in Fig. 6b ). The shorter of the OÁÁÁH-O contacts between the O atom of the N-oxide group and the two water molecules is labelled 1 in Fig. 6(b) . This concave surface (red) shows clearly the strong interactions on each side of the Hirshfeld surface. Another significant interaction can be seen in Fig. 6(b) and is labelled 2. This corresponds to the interaction which links quinoline molecules through the C2-H2ÁÁÁO2(x À 1, y, z + 1) contact.
The fingerprint plot analysis of the title structure was performed by comparison with the other related structures, namely 6-methoxy-8-nitroquinoline (Chambers et al., 2004) , MQNOHQ (Moreno-Fuquen et al., 2007) and 2,4-dichloro-6-methoxyquinoline (Subashini et al., 2009) . The 6-methoxy-8-nitroquinoline and 2,4-dichloro-6-methoxyquinoline systems present fingerprint plots that are more or less symmetrical, as a result of the absence of strong intermolecular interactions. This behaviour is similar to that presented by the naphthalene ring (McKinnon et al., 2004) . The two-dimensional fingerprint analysis of MQNOHQ (Moreno-Fuquen et al., 2007) , the molecule closest to (I), clearly shows the intermolecular interaction of the O atom of the N-oxide group with the O atom of the hydroxy group of the hydroquinone molecule [OÁÁÁO = 2.6118 (18) Å and OÁÁÁH = 1.67 (2) Å ] through the emergence of an elongated peak projecting towards the bottom of the fingerprint plot. The fingerprint plot analysis of (I) (Fig. 6c) ii interaction, where (I) acts as a hydrogen-bond donor. This behaviour is reflected in the Hirshfeld surface through the concave surfaces (red), numbered 1 and 2 in Fig. 6 (b) (see Table 1 for the symmetry codes).
Detailed analysis of the fingerprint plots can evaluate the overlapping contributions from the most important interactions, including OÁÁÁH, HÁÁÁHa n dC ÁÁÁH, facilitating comparison of the surface properties between (I) and MQNOHQ. This analysis shows that the HÁÁÁH interactions are the largest contributor to the Hirshsfeld surfaces for both systems, at 39.2% in MQNOHQ and 47.6% in (I). The contribution of O-H interactions on the surface is similar for both systems [11.8% in (I) and 12.8% in MQNOHQ]. The HÁÁÁO distances for the O2W-H4WÁÁÁO1 i and O1W-H2WÁÁÁO1
ii interactions in (I) [1.87 (3) and 1.92 (3) Å , respectively] are more elongated than that observed in MQNOHQ (1.67 Å ), probably because they also participate in the formation of the water channels along [001] .
In conclusion, the O-HÁÁÁOa n dC -H ÁÁÁO hydrogenbond interactions in (I) are involved in the construction of the supramolecular architecture, and the water molecules play a major role in the formation of channels along [100] and [001] . The formation of the water channels between the layers of N-oxide molecules gives greater stability to the crystal structure. The IR spectrum of (I) computed at the DFT level with basis set 6-311++G(d,p) reproduces the vibrational wavenumbers and intensities with an accuracy which allows reliable vibrational assignments. Finally, analysis of the Hirshfeld surface and fingerprint plot for (I) allow the visualization of OÁÁÁH-O hydrogen bonds as close intermolecular contacts within the supramolecular crystal lattice.
Experimental
The reagent was purchased from Aldrich Chemical Co. It was recrystallized from acetonitrile to give (I), which melted at 376 (1) K. (a) Capped-stick drawing of (I) in the orientation used to produce (b) the Hirshfeld surface (see Comment for colour and labelling information) and (c) the two-dimensional fingerprint plot for (I). C-bound H atoms were positioned geometrically, with C-H = 0.95 Å for aromatic H atoms or 0.98 Å for methyl H atoms, and refined using a riding model, with U iso (H)=1.2U eq (C) for aromatic H atoms or 1.5U eq (C) for methyl H atoms. Water atoms were located in a difference Fourier map and were refined freely.
Crystal data

Data collection
Data collection: CrysAlis PRO (Oxford Diffraction, 2010); cell refinement: CrysAlis PRO; data reduction: CrysAlis PRO; program(s) used to solve structure: SHELXS97 (Sheldrick, 2008 ); program(s) used to refine structure: SHELXL97 (Sheldrick, 2008) ; molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) and Mercury (Macrae et al., 2008) ; software used to prepare material for publication: WinGX (Farrugia, 2012) .
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Table 2
Comparison of selected geometric data for (I) (Å , ) from X-ray and calculated (HF and DFT) data. Table 3 Comparison of the observed and calculated vibrational frequences (cm À1 ) for (I). 
